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ABSTRACT
A typical animal mitochondrial genome consists of a single circular chromosome
with 37 genes (Shao et al. 2015). Atypical mitochondrial genomic arrangements have
been found in some lice species, including some species with minichromosomes with
only a single protein-coding or ribosomal RNA gene (Cameron et al. 2011).
Mitochondrial genome data from two species of chewing lice from pocket gophers have
been reported to date. For both species, Geomydoecus aurei and Thomomydoecus minor
(order Phthiraptera, suborder Ischnocera, family Trichodectidae), the cox1 gene occurs on
a small (less than 2,000 base-pair [bp]) minichromosome (Pietan et al. 2016).
Eight additional mitochondrial chromosomes of the louse, G. aurei are
characterized here, one of which is derived from unpublished work of Andersen and
Spradling (2017). For three additional minichromosomes, primers anchored in a
conserved sequence region were used to amplify the majority of the circle. The four other
minichromosomes were characterized using genomic sequence data annotated for
mitochondrial sequences, which allowed the design of primers to amplify a portion of the
circle. Seven protein-coding genes, two rRNA genes, and 16 tRNA genes were annotated.
The nucleotide lengths of G. aurei minichromosomes ranged from 1,318-1,922
bp. Each minichromosome had 1-2 protein-coding or rRNA genes with 1-3 tRNA genes.
An identical 79-bp nucleotide sequence was present in all of the G. aurei
minichromosomes along with three additional conserved sequence blocks that were
shared among chromosomes, making the architecture of these minichromosomes similar
to those of other lice in the family Trichodectidae (Song et al. 2018). All G. aurei

minichromosomes had a 19-bp and an 11-bp sequence within the 79-bp conserved
sequence block that was identical to the other pocket gopher louse species, T. minor,
studied by Pietan et al. (2016). Given the differentiation otherwise observed between
these species, the presence of stretches of identical nucleotide sequences suggests
functional importance. The G. aurei cox2 minichromosome has a reduced gene content
compared to other trichodectids, yet the total size of the minichromosome is similar
among species, supporting suggestions by Shao et al. (2017) and Song et al. (2018) that
selective pressure regulates overall size of minichromosomes in lice.
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INTRODUCTION
Background
Information from the mitochondrial genomes of animals can provide insight into
speciation events and evolutionary relationships that make up the history of a lineage of
organisms (Avise et al. 1983). One of the tightest associations in nature is the association
of a parasite with its host, and mitochondrial DNA sequences have been useful for
determining the evolutionary histories of both host and parasite lineages. These host and
parasite evolutionary histories can be compared to determine whether there were shared
speciation, also known as cospeciation, events in the two lineages. One relatively wellstudied host/parasite association is that between pocket gophers and their ectoparasitic
chewing lice. These organisms show a high degree of cospeciation with one another that
was first described by Hafner and Nadler (1988). This high degree of cospeciation, which
is not typical of all host/parasite associations (Clayton et al. 2004), is driven by attributes
of both the host and the parasite lineages (Hafner et al. 1994; Light and Hafner 2007;
Demastes et al. 2012).
To date, a number of studies have documented a history of cospeciation in pocket
gophers and their ectoparasitic chewing lice (Hafner et al. 1994; Light and Hafner 2007;
Demastes et al. 2012). However, each of these studies documenting cospeciation in
pocket gophers and chewing lice have been restricted to no more than 1,017 nucleotides
of a single mitochondrial gene and a small portion of a single nuclear gene for the
parasites (Hafner et al. 1994; Light and Hafner 2007; Demastes et al. 2012). This limited
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sampling of the louse genome is a direct result of our poor current understanding of louse
genome organization.
Originating from free-living Alphaproteobacteria, the mitochondria of eukaryotes
provide the cell with energy in the form of ATP (Pearce et al. 2017). These organelles
possess their own genome (Wallace 1982; Breton et al. 2014). Because this genome is
maternally inherited and has variable and conserved regions on the same molecule,
mitochondria are ideal tools for population genetic and phylogenetic studies (Ladoukakis
and Zouros 2017). The typical animal mitochondrial genome consists of a small circular
chromosome with 37 genes, totaling about 16 kb in length (full gene names and
abbreviations in Table 1; Shao et al. 2009; Shao et al. 2015). Although the Genbank data
is currently biased towards vertebrate mitochondrial genomes, genomic data of other
groups is accumulating and indicates a variety of atypical mitochondrial genomic
arrangements including linear chromosomes and multi-circle mitochondrial DNA
(summarized by Breton et al. 2014). An example of a linear chromosome is found in
Hydra attenuata, an invertebrate freshwater polyp, with a size of about 8 kb (Warrior and
Gall 1985).
Parasitic and free-living lice are a large and diverse group of insects. Among the
approximately 5,000 known species of parasitic lice (Phthiraptera), there are 303 genera,
24 families and four suborders (Amblycera, Ischnocera, Rhynchophthirina, and
Anoplura; Kim 1988). The mitochondrial genomes of louse species that have been
examined to date show great variation in chromosome number, number of genes per
chromosome and chromosome size, yielding some of the most unusual mitochondrial
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genome architectures observed in animals with bilateral symmetry (Table 2; Cameron et
al. 2011). While some have mitochondrial genomes that are typical for animals (Feng et
al. 2018; Song et al. 2018), the architecture in other lice can be categorized into three
types (Cameron et al. 2011). Type 1 architecture is defined by a full-length mitochondrial
chromosome that coexists with additional minichromosomes bearing additional copies of
mitochondrial genes (Cameron et al. 2011). Type 2 mitochondrial genomes are
distinguished by the absence of a full-length master chromosome, which has been
replaced by smaller chromosomes each bearing 1-8 full-length genes per circle (Shao et
al. 2017). Type 2 chromosomes bear no regions of nucleotide sequence in common with
one another (Cameron et al. 2011). Type 1 and Type 2 chromosomes have not been
confirmed in subsequent studies of lice (Song et al. 2018). Type 3 minichromosomes
typically have a single protein-coding gene or a single rRNA gene, along with one or
more tRNA genes. This group shares a conserved block of non-coding sequence that is
common to multiple chromosomes within the same mitochondrial genome. This type of
chromosomal architecture is seen in lice of three different suborders (Rhynchophthirina,
Anoplura and Ischnocera [family Trichodectidae only]), but which all belong to a single
clade that Song et al. (2018) refer to as the Mitodivisia, in recognition of the fragmented
genomes found in members of this group.
Among the Mitodivisia, several species have been shown to have Type 3
minichromosomes. For example, the human body louse, Pediculus humanus, is a member
of the suborder Anoplura with 18 minichromosomes (Table 2), each of which bears 1-2
sequences found on all chromosomes in the non-coding region (Shao et al. 2009). The
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anopluran guanaco louse, M. praelongiceps, has 12 minichromosomes, each with 2-5
genes per chromosome (Shao et al. 2017). Other members of the Anoplura include the
greater bandicoot rat louse, Polyplax spinulosa and the Asian house rat louse, Polyplax
asiatica, which have 11 minichromosomes, each with 2-7 genes per chromosome (Dong
et al. 2014). The elephant louse, Haematomyzus elephantis, of the suborder
Rhynchophthirina, has 33 genes on 10, Type 3 minichromosomes, each with 2-6 genes
per chromosome, each 3.5-4.2 kb in size (Shao et al. 2015; Table 2). A recent study by
Song et al. (2018) characterized eight species of parasitic lice, including four species of
eutherian mammal lice from the family Trichodectidae (Ischnocera); the cattle louse
(Bovicola bovis), goat louse (Bovicola caprae), sheep louse (Bovicola ovis) and dog louse
(Trichodectes canis). The trichodectid species each had 12-13 mitochondrial
minichromosomes, with a majority of the chromosomes having a single protein-coding
gene or rRNA gene and 1-3 tRNA genes (Song et al. 2018). This simple, Type 3
minichromosome structure with only a single major gene per chromosome also is seen in
the trichodectid louse, Damalinia meyeri (Cameron et al. 2011). Only three mitochondrial
minichromosomes have been fully sequenced for D. meyeri, but they each have only a
single protein coding gene, making their simple structure similar to that of P. humanus.
The single-gene cox1 minichromosome of the trichodectid pocket-gopher lice, G. aurei
and T. minor, also have the simple structure of a Type 3 minichromosome (Pietan et al.
2016).
Mitochondrial genome data from two species of chewing lice from pocket
gophers have been reported to date. For these trichodectid species, Geomydoecus aurei
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and Thomomydoecus minor, Pietan et al. (2016) demonstrated that the mitochondrial
cox1 gene occurs on a small (1,913-1,964 bp) minichromosome. With only a single
protein coding gene on the chromosome, these minichromosomes are similar to other lice
with Type 3 mitochondrial genomes (Pietan et al. 2016).
Unpublished data on G. aurei also indicates the presence of the 16s gene on
another small minichromosome (Andersen and Spradling 2017). This minichromosome
has a 79-bp region that is identical to that of the G. aurei cox1 minichromosome
(Andersen and Spradling 2017). These regions shared by multiple chromosomes are one
of the hallmarks of a Type 3 mitochondrial genome (Cameron et al. 2011). Shao et al.
(2017) used a similar sequence common to multiple chromosomes for building primers
that would amplify all Type 3 mitochondrial mini-circles within the guanaco louse, M.
praelongiceps, a strategy that could be useful in other species of lice with Type 3
mitochondrial chromosomes.
Herein, eight additional mitochondrial chromosomes of the chewing louse, G.
aurei are characterized: one produced by Andersen and Spradling (2017), and seven
produced as part of this thesis. For this thesis work, two approaches relying on
polymerase chain amplification were used. For three minichromosomes, primers
anchored in the 79-bp common region were used to amplify the majority of the circle.
The amplification product contained a mixture of multiple minichromosome sequences.
For four other minichromosomes, genomic sequence data annotated for mitochondrial
sequences were used to amplify a portion of the circle. In most cases, additional primers
were designed to ensure 2-4× coverage of the chromosome. Cloning was used as needed
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to yield clean sequences for portions of the chromosome with length variation in the noncoding region.
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METHODS
Generalized Methods
Pocket Gopher Lice Collection and DNA Extraction
Pocket gophers (Thomomys bottae) were collected from Socorro County, New
Mexico, with the approval from the New Mexico Department of Game and Fish (Permit
#3500; Pietan et al. 2016). The University of Northern Iowa Institutional Animal Care
and Use Committee and the American Society of Mammologists (Sikes 2016) guidelines
were followed. For this study, DNA from one individual louse DNA was used (specimen
TAS 845.35; New Mexico: Socorro Co.; Vicinity of Polvadera, 34.22008, -106.90454).
Louse DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA).
Instructions from the manufacturer were followed with the following exceptions: prior to
DNA extraction, the individual louse body was placed on a freezer block under a
dissecting microscope and was punctured twice using a #2 insect pin. Carrier RNA was
added to AL Buffer before adding ethanol. Incubation before elution was increased to 5
minutes, and DNA from the louse was eluted in 30 µl H2O. The cleared louse body was
mounted on microscope slides following DNA extraction for preservation as vouchers
(Harper et al. 2015).
Polymerase Chain Reaction
Polymerase chain reaction (PCR) was used to amplify portions of each circular
minichromosome. Specific thermal cycles are given in Table 4 and sequences of primers
used are given in Table 5. A negative control containing no louse DNA was used for each
PCR reaction in order to ensure products were free of contamination. The PCR reaction
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mixtures included louse DNA (0.5 µl), primer (0.5 µl each primer), and Platinum SuperFi
Green PCR Master Mix (Invitrogen, Carlsbad, CA; 5 µl). Platinum SuperFi Green PCR
was used because of its ability to proofread, which results in high fidelity.
Cloning
Where necessary, cloning was used to generate sequences of single mitochondrial
circles or to resolve sequences of chromosome regions with heteroplasmy. In these cases,
PCR products were cloned using Zero Blunt TOPO 4 PCR cloning kit according to the
manufacturer’s recommendations (Invitrogen, Carlsbad, CA). Reactions were incubated
at room temperature for 30 min. Following the room temperature incubation, 2 µl of the
TOPO vector solution was added to a vial of One Shot Chemically Competent E. coli
cells (Invitrogen, Carlsbad, CA), which were then incubated on ice for 5 minutes. The
cells were heat shocked in a 42℃ water bath for 30 seconds and immediately placed on
ice following the shock. Room temperature S.O.C. Medium (250 µl) was added and the
solution was placed into a 37℃ incubation shaker (200 rpm) for 1 hour. Bacteria were
then spread on LB agar plates with 50 µg/ml ampicillin (Teknova, Hollister, CA) and
allowed to grow overnight at 37℃. Colonies with DNA inserts appeared as small, white
circles on the LB plates. Larger colonies were chosen, removed from the plate and
resuspended in 20 µl of sterile water. PCR was done to amplify the inserted DNA using
M13 primers (U and R1). PCR thermal conditions were: 1 minute at 98℃, 40 cycles of
10 seconds at 98℃, 10 seconds at 53℃ and 45 seconds at 72℃, followed by 5 minutes at
72℃ (Table 4).
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Sequencing
After insuring robust amplification on an agarose gel, the amplified inserts were
treated with ExoSap and sent for sequencing at the Iowa State University DNA Facility
using T7-1 and T7-2 stock primers available from the Facility. These primers allowed
sequencing in both directions, and they were chosen because they were internal primers
to the M13 cloning primers. Sequences were edited manually, and consensus sequences
of forward and reverse reactions were created and aligned to each other using Geneious
11.0.4 (Kearse et al. 2012). Then, primers were generated outward from the sequence in
order to characterize the remaining portion of the minichromosome. Additional PCR
products in this study were sequenced directly without cloning.
Nucleotide BLAST Analysis
The Basic Local Alignment Search Tool (BLAST), was used to identify unknown
sequences. The algorithm works by applying different contexts of the sequences such as
DNA and protein sequence database searches, motif searches, gene identification
searches and also looks for multiple regions of similarity in long DNA sequences
(Altschul et al. 1990). Similarity searches were performed by submitting the randomly
amplified louse sequences to the online version of BLAST using the default settings on
the software. This allowed identification of unknown mitochondrial minichromosome
sequences based on known sequences from closely related organisms. The mitochondrial
minichromosome of human louse (Table 3) was useful in determining the size of the
protein-coding or ribosomal gene identified by BLAST.
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Specific Methods- Circle Discovery Strategy
16s rRNA (16s) Circle Sequencing
Unpublished work by Andersen and Spradling (2017) was used to characterize the
16s gene from the mitochondrial circle of G. aurei (specimen JWD 39.6; New Mexico:
Socorro Co.; 3.5 mi. S La Joya, 34.317, -106.857). Primers Lx16SR and 16SF (Table 5)
were used from Dong et al. (2014) and Shao et al. (2017). The DNA extraction protocol
used was the same as the one described previously for specimen TAS 845.35.
Amplification produced a DNA product approximately 300 bp in length. The PCR
product from the Lx16SR and 16SF primers was sequenced directly using the
amplification primers. The sequenced product was used to generate primers 16S213F and
16S162R, which were designed to amplify outward from each other to determine the
remaining portion of minichromosome 16s. This amplification yielded a product that was
approximately 1,500 bp in length. This product was cloned using the Zero Blunt TOPO 4
PCR cloning kit as described above (Invitrogen, Carlsbad, CA). The clones were
transformed into One-Shot cells (Invitrogen, Carlsbad, CA) and plated on ampicillin, Xgal, and IPTG medium. Colonies were sequenced using the PCR amplification primers
(16S213F and 16S162R; Table 4).
Generation and Use of Multicircle 1 and Multicircle 3 Primers
Two primers, Multicircle 1 and Multicircle 3, were designed to take advantage of
a 79-bp region of identical nucleotide sequence identified in the non-coding region of
cox1 (Pietan et al. 2016) and 16s (Andersen and Spradling 2017). These two primers
were designed to amplify outward from each other, allowing the capture of the remaining
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portion of mitochondrial minichromosomes. A mixture of different sizes of PCR products
were generated using Multicircle 1 and Multicircle 3 primers. This mixture of PCR
products was cloned and sequenced. Sequenced fragments were run through BLAST
analysis (as described above), and any previously unidentified mitochondrial circle
sequences (i.e., circles other than 16s and cox1) were used to generate primers for
amplification of the remainder of the mitochondrial circle. This strategy allowed primers
to be designed for atp6/atp8, cytb, and 12s (Table 5). Development of an additional set of
primers for each circle allowed amplification and sequencing of each minichromosomes
with 2-4× sequencing coverage over its full length (Table 5).
Genome Analysis
Some data on G. aurei mitochondrial gene sequences were available for this study
from an analysis completed at Iowa State University in Ames, Iowa. Data for that
analysis came from Illumina sequencing of DNA extracted from fifteen G. aurei taken
from a single host individual (TAS 750; New Mexico: Socorro Co., 1.4 mi S, 0.8 mi W
Las Nutrias, 34.45405556, -106.78277778). This produced 58,340,400 paired reads 160
nucleotides in length as described by Light et al. (2018). The sequences produced
allowed for the generation of primers for cox2, nad1, nad4 and cox3 minichromosomes
from contigs 1223768, 22 and 1814250 (respectively) and scaffold titled
Geoaur_rest_478 for cox3. Primers were designed to amplify outward from the center of
the gene in order to define the remaining minichromosome (Table 4). Resulting sequence
data were aligned with the original contig data. Additional primers were designed to
amplify another, only partially overlapping portion of the cox3 minichromosome,
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resulting in a circle sequenced at 2-4× coverage over its length. The remaining circles
(cox2, nad1, and nad4) were assembled with small regions (39, 47, and 171 bp,
respectively) of contig sequence to complete the circle.
MITOS 2 Program
The online software program MITOS2 was used to determine locations of tRNAs,
origin of replication regions, and protein-coding and rRNA gene on each
minichromosome. MITOS is a free web server that provides a tool to annotate metazoan
mitochondrial genomes (Bernt et al. 2013). The program determines protein-coding genes
by detecting similarity in the results of BLASTx searches against the amino acid
sequences of the annotated proteins of metazoan mitochondrial genomes. The tRNA
genes are annotated using a structure-based covariance model, and annotations for rRNA
genes are established using structure-based covariance number models similar to the
tRNA models (Bernt et al. 2013).
Conserved Sequence Blocks
Length variation was noted in the non-coding regions of the minichromosomes,
except for the common 79-bp sequence between all circles. In order to detect any other
nucleotide conserved sequence blocks, the 79-bp common sequence was removed from
each of the minichromosomes, just for experimental purposes, and the remaining noncoding region was pair-wise aligned using the program Geneious 11.0.4 (Kearse et al.
2012). Using this approach, additional conserved sequence blocks were identified and
annotated in the non-coding regions.
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RESULTS
16s Circle Sequencing
Unpublished work by Andersen and Spradling (2017) established the sequence of
the mitochondrial 16s minichromosome. The entire mitochondrial minichromosome was
1,545 bp in length and consisted of one protein coding gene, two tRNAs and an origin of
replication (Figure 1). This circle shared a 79-bp region in common with cox1 (Figure 2;
Pietan et al. 2016). Two primers named Multicircle 1 and Multicircle 3 were generated
from this sequence (Table 5).
Multicircle 1 and Multicircle 3 Sequencing Results
Amplification of G. aurei genomic DNA using Multicircle 1 and Multicircle 3
primers yielded a smear of amplification products on agarose gel ranging 800-1,500 bp in
size. Amplification products were cloned, yielding a variety of sizes of inserts (300-1,500
bp in size). Three, previously unidentified genes were identified with BLAST analysis:
atp6, cytb, and 12s. For each of these genes, an additional pair of primers (Table 5) was
designed to face outward from each other to amplify the remainder of the
minichromosome on which the gene resided. This procedure allowed identification of the
remaining portion of three minichromosomes.
The atp6/atp8 minichromosome is 1,331 bp in length and consists of two proteincoding genes, atp6 and atp8. In addition to these two protein-coding genes, MITOS
analysis identified two tRNA genes and an origin of replication on this minichromosome
(Figure 3). The mitochondrial minichromosomes that contains the protein coding gene,
cytb, is 1,545 bp in length. The cytb gene is the only protein-coding gene on the
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minichromosome. MITOS analysis indicated two tRNA genes and an origin of
replication on this circle (Figure 4). The third gene identified by the Multicircle 1 and
Multicircle 3 primers was 12s, which was determined to be on a circle that is 1,318 bp in
length. MITOS analysis indicated two tRNA genes and three potential origins of
replication on this circle (Figure 5).
Genome Sequencing Results
Annotated sequence data from the Iowa State University genome sequencing were
used to design primers for four mitochondrial genes. A 1,039 bp scaffold
(“Geoaur_rest_478”) from the genome analysis was identified as the cox3 gene. From
this scaffold sequence, primers cox3710F and cox3500R (Table 5) were designed to
amplify a 931 bp region. From this amplification product, additional primers, cox3444F
and cox3974R, were designed (Table 5) to amplify and check the ISU contig. The total
length of the cox3 minichromosome was 1,356 bp in length with two tRNA genes and
one origin of replication (Figure 6). There were no other protein-coding genes on this
circle.
A fragment of the cox2 gene was identified from a 520 bp contig (“1223768”) .
From this contig, primers 20Fcox2 and 25Rcox2 (Table 5) were designed to amplify a
1,288 bp region. From this amplification product, the contig was added for the
overlapping area between the primers, and the entire minichromosome was created. The
total length of the cox2 minichromosome is 1,511 bp in length. MITOS analysis indicated
three tRNA genes were identified, but no origin of replication was identified by the
software (Figure 7).
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Another 510 bp contig (“22”) from the genome analysis contained partial
sequence of the nad1 gene. From this contig, primers 366Rnad1 and 374Fnad1 (Table 5)
were designed to amplify a 1,444 bp region. The amplification product and the contig
were aligned to create the entire nad1 minichromosome. The total length of the nad1
minichromosome was 1,463 bp in length. MITOS analysis identified three tRNA genes.
No origin of replication was identified by the software (Figure 8).
A 478 bp contig (“1814250”) from the genome analysis was identified as the
nad4 gene. From this contig sequence, primers 179Rnad4 and 310nad4 (Table 5) were
designed to amplify a 1,775 bp region. The amplification product and contig were used to
create the entire nad4 minichromosome. The total length of the nad4 minichromosome
was 1,922 bp in length. MITOS analysis indicated three tRNA genes, but no origin of
replication was identified by the software (Figure 9).
Similarities and Difference Among Minichromosomes
Eight minichromosomes are described here for the first time. These chromosomes
bear 7 protein-coding genes, 2 rRNA genes, and 16 tRNA genes (Table 6). The
nucleotide length of the chromosomes ranged from 1,318-1,922 bp (Table 6). Proteincoding genes and rRNA genes of all G. aurei minichromosomes ranged in size from 1621,532 bp in length (Table 6). The non-coding region varied in length for each
chromosome from 289-793 bp in length. On each circle, there is one protein-coding gene,
except for atp6/8, which had two protein coding genes. Each of the circles contained 1-3
tRNA genes (Table 6). A potential origin of replication was identified for four of the
eight new circles (atp6/atp8, cytb, 12s, and cox3). Minichromosome 12s has three
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potential origins of replication. The software did not identify an origin of replication for
the remaining four circles (cox1, cox2, nad1, and nad4).
All nine of the G. aurei minichromosomes examined to date (including cox1 from
Pietan et al. 2016) shared an identical 79-bp nucleotide sequence. Other regions of highly
conserved sequence blocks (CSB) were identified after the removal of the 79-bp common
sequence using the program Geneious 11.0.4 to facilitate alignment. Conserved sequence
block number one (CSB 1) was 40 nucleotides in length with 32 sites that were identical
for all circles (80% of the nucleotide sites). The average percent identity for all pairwise
comparisons of the nine circles aligned for this region was 90.8%. Conserved sequence
block number two (CSB 2) was 64 nucleotides in length with 51 identical sites (79.7%
identical). The average percent identity for all pairwise comparisons of the nine circles
was 93.5%. The third conserved sequence block (CSB 3) was 75 nucleotides in length
with 64 identical sites (85.3%). The average percent identity for all pairwise comparisons
of the nine circles aligned for this region was 93.5% (Figure 10).
Within the conserved 79-bp region found on all nine mitochondrial chromosomes
of G. aurei, there are two regions that are also identical to the cox1 circle characterized
for T. minor, another louse found on the same pocket gopher host species (Pietan et al.
2016). One of these regions is 19 bp in length and the other is 11 bp in length (Figure 11).
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Figure 1: Geomydoecus aurei 16s minichromosome, redrawn from Andersen and
Spradling (2017).
Fully constructed minichromosome showing the relative positions of the 16s gene (red),
tRNA(s) (pink), PCR primers (purple), origin of replication (light blue) and the 79-bp
common sequence (black). The minichromosome is 1,545 bp in length.
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Figure 2: Geomydoecus aurei cox1 minichromosome, redrawn from Pietan et al.
(2016).
Fully constructed minichromosome showing the relative positions of the cox1 gene
(green), tRNA (pink), PCR primers (purple), and the 79-bp common sequence (black).
The cox1 minichromosome is 1,913 bp in length. No origin of replication was discovered.
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Figure 3: Geomydoecus aurei atp6/atp8 minichromosome.
Fully constructed minichromosome showing the relative positions of the atp6/8 gene
(green), tRNA(s) (pink), PCR primers (purple), origin of replication (light blue) and the
79-bp common sequence. This minichromosome is 1,331 bp in length.
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Figure 4: Geomydoecus aurei cytb minichromosome.
Fully constructed minichromosome showing the relative positions of the cytb gene
(green), tRNA(s) (pink), PCR primers (purple), origin of replication (light blue) and the
79-bp common sequence. The minichromosome is 1,545 bp in length.
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Figure 5: Geomydoecus aurei 12s minichromosome.
Fully constructed minichromosome showing the relative positions of the 12s gene (red),
tRNA(s) (pink), origin of replications (light blue), PCR primers (purple) and the 79-bp
common sequence (black). The 12s minichromosome is 1,318 bp long.
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Figure 6: Geomydoecus aurei cox3 minichromosome.
Fully constructed minichromosome showing the relative positions of the cox3 gene
(green), Iowa State University contig (yellow), tRNA(s) (pink), PCR primers (purple),
origin of replication (light blue) and the 79-bp common sequence (black). The total
nucleotide length for the cox3 minichromosome is 1,356 bp.
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Figure 7: Geomydoecus aurei cox2 minichromosome.
Fully constructed minichromosome showing the relative positions of the cox2 gene
(green), Iowa State University contig (yellow), tRNA(s) (pink), PCR primers (purple) and
the 79-bp common sequence (black). The total nucleotide length of the cox2
minichromosome is 1,511 bp. No origin of replication was characterized.
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Figure 8: Geomydoecus aurei nad1 minichromosome.
Fully constructed minichromosome showing the relative positions of the nad1 gene
(green), Iowa State University contig (yellow), tRNA(s) (pink), PCR primers (purple) and
the 79-bp common sequence (black). The total base pair length of the nad1
minichromosome is 1,463 bp. No origin of replication was characterized.
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Figure 9: Geomydoecus aurei nad4 minichromosome.
Fully constructed minichromosome showing the relative positions of the nad4 gene
(green), Iowa State University contig (yellow), tRNA(s) (pink), PCR primers (purple) and
the 79-bp common sequence (black). The nad4 minichromosome is 1,922 bp long. No
origin of replication was characterized.

Figure 10: Conserved sequence blocks aligned with the 79-bp common sequence
In order to look for conserved sequence blocks (CSB) in the non-coding region of all of the minichromosomes, the 79-bp
common sequence was deleted to encourage alignment of other common sequences. Three similar and highly conserved blocks
were indicated, each of which showed 80-90% sequence identity to the comparable region of other minichromosomes. The
resulting conserved sequence blocks are shown with black bars labeled CSB. The entire non-coding region of each
minichromosome is shown in the figure.
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Figure 11: Alignment of the non-coding region of the T. minor cox1 chromosome with the 79-bp conserved block in
non-coding regions of all known G. aurei mitochondrial chromosomes.
The locations of the 19 bp and the 11 bp sequences within the 79-bp region are noted at bottom.
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DISCUSSION
This study characterized eight minichromosomes of the mitochondrial genome of
G. aurei, bringing the total number of established minichromosomes for this species to
nine. These nine minichromosomes bear ten protein-coding genes (1-2 genes per
minichromosome). Protein-coding genes atp6 and atp8 are shown to reside on the same
minichromosome in G. aurei, a pattern observed in three anopluran louse species, the P.
spinulosa, and P. asiatica (Dong et al. 2014), P. humanus (Shao et al. 2009) and the
trichodectid species, B. bovis, B. caprae, B. ovis and T. canis (Song et al. 2018). The
protein-coding genes discovered for G. aurei (Table 6) are similar in size to those of P.
humanus (Table 3).
The protein-coding genes still undiscovered in G. aurei are nad2, nad3, nad4L,
nad5 and nad6. Sixteen tRNA genes are identified here for G. aurei, compared to a total
of twenty-two in P. humanus (Shao et al. 2009) and the four trichodectid species in Song
et al. (2018). This leaves six tRNA genes to potentially be discovered in G. aurei, which
include trnC, trnD, trnM, trnG, trnR and trnT. Based on the gene arrangements observed
by Song et al. (2018), for other trichodectids, these five protein-coding genes and six
tRNAs are likely to occur on 4-5 additional minichromosomes
Gene arrangement of the G. aurei minichromosomes shows some similarities and
differences to other trichodectid lice. When comparing to the four lice species described
in Song et al. (2018), G. aurei protein-coding minichromosome nad4 had the same gene
arrangement as B. bovis, B. ovis, B. caprae, and T. canis, with trnK—nad4—trnA—trnS2
present and in the same relative position to one another (Song et al. 2018). For the
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minichromosome cytb, the trichodectid lice B. caprae and T. canis both had similar gene
arrangement with trnE—cytb—trnS1 characterized on the minichromosome, in the same
order (Song et al. 2018) as seen here for G. aurei. Of the species examined by Song et al.
(2018), the most similar gene arrangement to G. aurei was that of T. canis, with three
minichromosomes with the same gene composition and arrangement, including the two
above mentioned minichromosomes and the 16s minichromosome. The gene order for
this minichromosome was trnH—16s—trnV (Song et al. 2018), which was the same
arrangement as G. aurei.
The gene arrangement in the mitochondrial minichromosomes of the four
trichodectids examined by Song et al. (2018) is one in which all genes on a particular
minichromosome are adjacent to one another with a single non-coding region. However,
in G. aurei, tRNA genes are typically not adjacent to the other gene(s) of the circle,
resulting in multiple non-adjacent non-gene regions on a single minichromosome (Figs.
1-9). Only on the G. aurei cytb and nad4 minichromosomes (Figs. 4 and 9) are genes
entirely contiguous with one another with only a single intervening non-coding sequence
as is seen in other trichodectid lice.
On most G. aurei minichromosomes, the 79-bp region of nucleotide sequence that
is common to every minichromosome is immediately upstream or immediately
downstream of a gene region (Figs. 1-9), as it is in other trichodectid and anopluran lice
(summarized by Song et al. 2018). In the case of the cox2 minichromosome, however, the
79-bp region is in the middle of the non-coding sequence, nearly equidistant from the
beginning and end of cox2 (Fig. 7). In all other trichodectid lice examined (Song et al.
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2018), the cox2 gene is adjacent to the nad4L gene. BLAST analysis does not indicate a
nad4L gene on the cox2 minichromosomes of G. aurei, however, signaling a major gene
rearrangement for the cox2 minichromosome.
Human body-louse, P. humanus, minichromosomes are approximately 3-4 kb
long, which is about two times the size of those of G. aurei (1,318-1,922 bp). The length
of the minichromosomes in the Song et al. (2018) study ranged from 800 bp for a tRNAonly minichromosome in T. canis to 2,413 bp for one of the minichromosomes in the B.
caprae. The three D. meyeri minichromosomes characterized by Cameron et al. (2011)
have lengths of 2,079 bp, 2,083 bp and 2,306 bp. Therefore, G. aurei minichromosomes
are similar in size to other trichodectid lice, which are typically about 2,000 bp. The
smaller size of G. aurei minichromosomes relative to P. humanus can be attributed to a
reduced amount of non-coding material on the trichodectid minichromosomes, because
the protein-coding and ribosomal RNA genes of P. humanus (Table 3) are similar in
nucleotide length to G. aurei (Table 6).
The G. aurei cox2 minichromosome has a reduced gene content compared to
other trichodectids. While other trichodectids, including T. canis, have a nad4L gene
associated with cox2, the G. aurei minichromosome is apparently missing this gene. The
total size of the minichromosomes of the two species is comparable (1,511 bp G. aurei
compared to 1,525 bp for T. canis; Table 7) in spite of this gene reduction. This
observation supports suggestions made by Shao et al. (2017) and Song et al. (2018) that
selective pressure regulates overall size of minichromosomes in lice, with more or less
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non-coding sequence compensating for chromosomes with smaller or larger gene regions,
respectively.
It is not known why many lice have multiple, smaller, mitochondrial
chromosomes, but Wei et al. (2012) provided some evidence that smaller mitochondrial
chromosomes have a selective advantage over larger ones. Therefore, the extremely
reduced, single-gene per chromosome structure of the anopluran louse, P. humanus, and
the trichodectid lice (G. aurei, T. minor, D. meyeri, B. bovis, B. caprae, B. ovis and T.
canis) may represent an adaptive genomic architecture.
The human body louse, P. humanus, has three highly conserved sequence blocks
in the start, middle and end of the non-coding region with a nucleotide length of 101 bp,
302 bp and 523 bp, respectively (Shao et al. 2009). The trichodectid louse, D. meyeri also
has three conserved sequence blocks, which are 142-250 bp in length (Cameron et al.
2011). There were no conserved sequences noted for the four trichodectid lice examined
by Song et al. (2018). The highly conserved sequence blocks in G. aurei
minichromosomes included the 79-bp common sequence, CSB 1, CSB 2, and CSB 3,
which are smaller (40-79 bp) than those of P. humanus and D. meyeri.
All G. aurei minichromosomes had a 19 bp and an 11 bp sequence that was
identical to the other pocket gopher louse species studied by Pietan et al. (2016), T.
minor. These two phylogenetically conserved sequences occurred within the non-coding
region of the minichromosome in the 79-bp sequence common to all of the G. aurei
minichromosomes. These two genera of lice are very distinct morphologically
(Hellenthal and Price 1984; Page et al. 1995) and genetically (Hafner and Nadler 1988;
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Hafner et al. 1994). The non-coding regions of their cox1 minichromosomes are
otherwise so differentiated that they are problematic for alignment, so the presence of 19
bp and 11 bp conserved sequences suggests functional importance (see Appendix for
nucleotide sequences). More research needs to be focused on determining the function
and importance of the conserved sequence blocks in the non-coding region of G. aurei.
Within the non-coding region, the software MITOS 2 characterized possible
origins of replication for four of the nine minichromosomes in G. aurei. The remaining
minichromosomes must have an origin of replication to facilitate the replication process,
but software analysis did not identify it. In D. meyeri, there was a 150 bp hair-pin loop
which was defined as a possible origin of replication by Cameron et al. (2011). In P.
humanus, within the non-coding region, there are potential stable stem loops that could
be initiation sites for replication and transcription (Shao et al. 2009). Wei et al. (2012)
examined Liposcelis bostrychophila, a free-living louse, and suggested that the conserved
sequences in the non-coding region may be functional for genome replication and/or gene
transcription. Future study of secondary structure of the non-coding regions of G. aurei
minichromosomes may lead to new insights and a better understanding of DNA
replication and transcription initiation.
Some G. aurei mitochondrial minichromosomes are yet to be described, but this
study brings the number of characterized Type 3 mitochondrial minichromosomes for
this species of pocket gopher louse to nine, bearing a total of ten of the fifteen proteincoding and rRNA genes. Characterizing more of the G. aurei mitochondrial
minichromosomes, and those of other species of the eutherian mammal lice, can be
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helpful in identifying high-level phylogenies (Song et. al 2018). Future work to identify
the remaining five protein-coding genes and six tRNA genes will help in this effort. The
sizes of G. aurei mitochondrial minichromosomes are similar to those of other
trichodectid species. As seen on the cox2 minichromosome, when gene content is
reduced, non-coding DNA sequence is increased, yielding a similar chromosome size.
Further characterization of mitochondrial genomes of the novel clade Mitodivisia (Song
et al. 2018) and other closely related subgroups, can further the understanding of the
relationships between other parasitic lice.
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Table 1: 37 Genes of the typical animal mitochondrial chromosome
(Shao et. al 2009). Gene identified in this study are listed in Table 6.
13 Protein coding genes

22 tRNA genes

2 rRNA genes

ATP synthase subunit 6 (atp6)

trnA- Alanine

Ribosomal RNA Large subunit (16s)

ATP synthase subunit 8 (atp8)

trnC- Cysteine

Ribosomal RNA Small subunit (12s)

Cytochrome b (cytb)

trnD- Aspartic acid

Cytochrome c oxidase subunit 1 (cox1)

trnE- Glutamic acid

Cytochrome c oxidase subunit 2 (cox2)

trnF- Phenylalanine

Cytochrome c oxidase subunit 3 (cox3)

trnG- Glycine

NADH dehydrogenase subunit 1 (nad1)

trnH- Histidine

NADH dehydrogenase subunit 2 (nad2)

trnI- Isoleucine

NADH dehydrogenase subunit 3 (nad3)

trnK- Lysine

NADH dehydrogenase subunit 4 (nad4)

trnL1- Leucine

NADH dehydrogenase subunit 4L (nad4L)

trnL2- Leucine

NADH dehydrogenase subunit 5 (nad5)

trnM- Methionine

NADH dehydrogenase subunit 6 (nad6)

trnN- Asparagine
trnP- Proline
trnQ- Glutamine
trnR- Arginine
trnS1-Serine
trnS2- Serine
trnT- Threonine
trnV- Valine
trnW- Tryptophan
trnY- Tyrosine
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Table 2: Mitochondrial genome organization of closely related suborders
Highly fragmented mitochondrial genomes of lice in the closely related Psocodean
suborders Anoplura (red), Rhynchophthirina (green) and the family Trichodectidae (blue)
of the paraphyletic suborder Ischnocera. Relationships among these three groups have
been difficult to resolve (Yoshizawa et al. 2017), but a recent analysis of nucleic acid
data from 1,107 nuclear genes strongly indicates that these three groups are closely
related to each other (Johnson et al. 2018).
Reference

Lice

Mitochondrial Genome Organization
(*Types from Cameron et al. 2011)

Shao et al.

Human body-louse
Pediculus humanus corporis
(Anoplura = sucking lice)

37 genes on 18 Type 3 minichromosomes, each with
1-3 genes, each 3-4 kb long

Shao et al.
2017

Guanaco louse
Microthoracius praelongiceps
(Anoplura = sucking lice)

37 genes on 12 Type 3 minichromosomes, each with
2-5 genes, each 2.1-2.9 kb in size

Shao et al.
2017

Summary of 11 species of
Anoplura

9-20 minichromosomes per species
1-8 genes per minichromosome
Each minichromosome 1.5-4 kb in size

Shao et al.
2015

Elephant louse
Haematomyzus elephantis
(Rhynchophthirina)

33 genes on 10 Type 3 minichromosomes, each with
2-6 genes per chromosome, each 3.5-4.2 kb in size

Cameron et
al. 2011

Sheep louse
Damalinia meyeri
(Family Trichodectidae, Order
Ischnocera)

Mitochondrial genome incompletely determined (3
minicircles identified): Type 3 minichromosomes,
each with 2 genes per chromosome, each 2.0-2.1 kb
in size

Pietan et al.
2016

Pocket gopher lice
Geomydoecus aurei
Thomomydoecus minor
(Family Trichodectidae, Order
Ischnocera)

Mitochondrial genome incompletely determined (1
minicircle identified):
Type 3 minichromosome with 2 genes, 1.9-2.0 kb in
size

Song et al.
2018

Summary of 4 species of
(Family Trichodectidae, Order
Ischnocera)

12-17 mitochondrial minichromosomes per species
ranging from 800-2,413 bp in nucleotide length with
1-2 protein-coding or rRNA genes and/or 1-3 tRNA
genes

2009
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Table 3: 18 mitochondrial minichromosomes of Pediculus humanus
The size of human body louse genes (bp; Shao et al. 2009). The 16s and cox1
mitochondrial minichromosomes of G. aurei have been sequenced by Wyatt Andersen,
unpublished, and Pietan et al. (2016).
Circle

Genbank

Gene name

Size (bp)

1

FJ499473

12s

748

2

FJ499474

16s

1103

3

FJ499475

cytb

1074

4

FJ499476

atp8

192

5

FJ499477

cox1

1572

6

FJ499478

cox2

681

7

FJ499479

cox3

810

8

FJ499480

nd1

870

9

FJ499481

nd2

978

10

FJ499482

nd3

363

11

FJ499483

nd4

1320

12

FJ499484

nd5

1686

13

FJ499485

nd6

525

14

FJ499486

15

FJ499487

16

FJ499488

nd4L

276

17

FJ499489

18

FJ499490

Gene name

Size (bp)

atp6

651

Table 4: Specific methods used to clone each mitochondrial minichromosome of Geomydoecus aurei
The first column defines the gene in the minichromosome. Columns titled “Primers” state which primers were used for the
proceeding PCR columns. The sequences of the primers used are shown in Table 5. The first PCR product was cloned and the
primers/thermal cycles for the cloned reaction are in the fourth and fifth columns.
Circle
(gene)

Primers

PCR #1 to generate a
product for cloning

PCR
Primers
used for
cloned
fragments

PCR thermal cycles for
cloned fragments

Primers

PCR #2 to generate
remaining unknown
circle

cox1

LCO1490/
COI-2all

2 minutes at 95℃, then 40
cycles of 45 seconds at
94℃, 45 seconds at 45℃,
45 seconds at 72℃,
followed by 10 minutes at
72℃

M13F or T7
forward
primers with
the reverse
primer,
m13R

2 minutes at 95℃,
followed by 30 cycles of
45 seconds at 94℃, 45
seconds at 52℃ and 90
seconds at 72℃,
followed by 10 minutes
at 72℃

Gcaurie80/
aurei1019

1 minute at 94℃,
followed by 35 cycles of
45 seconds at 94℃, 45
seconds at 4℃ and 90
seconds at 72℃,
followed by 10 minutes
at 72℃

16s

16SF/
Lx16SR

2 minutes at 95℃, then 39
cycles of 45 seconds at
94℃, 45 seconds at 45℃,
45 seconds at 72℃,
followed by 10 minutes at
72℃

16S213F/
16S162R

2 minutes at 95℃, then
39 cycles of 45 seconds
at 95℃, 30 seconds at
54℃, 60 seconds at
72℃, followed by 10
minutes at 72℃

16S213F/
16S162R

2 minutes at 95℃, then
40 cycles of 45 seconds
at 95℃, 45 seconds at
54℃, 45 seconds at
72℃, followed by 10
minutes at 72℃

*This product was not cloned
but sequenced directly to
generate 16S213F and
16S162R Primers.

*PCR product using primers
16S213F and 16S162R was
cloned.

(table continues)
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Circle
(gene)

Primers

PCR #1 to generate a
product for cloning

PCR
Primers
used for
cloned
fragments

PCR thermal cycles for
cloned fragments

Primers

PCR #2 to generate
remaining unknown
circle

atp6/atp8

Multicircle
1/3

1 minute at 98℃, then 40
cycles of 30 seconds at
98℃, 30 seconds at 55℃,
and 90 seconds at 72℃,
followed by 5 minutes of
72℃

R1/U

1 minute at 98℃, then 40
cycles of 10 seconds at
98℃, 10 seconds at
53℃, and 45 seconds at
72℃, followed by 5
minutes of 72℃

atp6240R/ atp6587F

1 minute at 98℃, 43
cycles of 98℃ for 30
seconds, 53℃ for 30
seconds and 72℃ for 60
seconds, followed by
72℃ for 5 minutes

cytb

Multicircle
1/3

98℃ for 1 minute, 40
cycles of 98℃ for 30
seconds, 55℃ for 30
seconds, and 72℃ for 90
seconds, followed by 72℃
for 5 minutes

R1/U

1 minute at 98℃, then 40
cycles of 10 seconds at
98℃, 10 seconds at
53℃, and 45 seconds at
72℃, followed by 5
minutes of 72℃

cytb494F/ cytb407R

98℃ for 1 minute, 43
cycles of 98℃ for 30
seconds, 55℃ for 30
seconds, and 72℃ for 90
seconds, followed by
72℃ for 5 minutes

12s

Multicircle
1/3

1 minute at 98℃, then 40
cycles of 30 seconds at
98℃, 30 seconds at 55℃,
and 90 seconds at 72℃,
followed by 5 minutes of
72℃

R1/U

1 minute at 98℃, then 40
cycles of 10 seconds at
98℃, 10 seconds at
53℃, and 45 seconds at
72℃, followed by 5
minutes of 72℃

12S294F/
12S214R

1 minute at 98℃, 43
cycles of 30 seconds at
98℃, 30 seconds at 53℃
and 90 seconds of 72℃,
followed by 5 minutes of
72℃

(table continues)

38

Circle
(gene)

Primers

PCR #1 to generate a
product for cloning

PCR
Primers
used for
cloned
fragments

PCR thermal cycles for
cloned fragments

Primers

PCR #2 to generate
remaining unknown
circle

cox3

cox3500R/
cox3710F

98℃ for 1 minute, 43
cycles of 98℃ for 30
seconds, 53℃ for 30
seconds, and 72℃ for 90
seconds, proceed by 72 ℃
for 5 minutes

R1/U

1 minute at 98℃, then 40
cycles of 10 seconds at
98℃, 10 seconds at
53℃, and 45 seconds at
72℃, followed by 5
minutes of 72℃

cox3444F/
cox3974R

98℃ for 1 minute, 43
cycles of 98℃ for 30
seconds, 53℃ for 30
seconds, and 72℃ for 90
seconds, followed by
72℃ for 5 minutes

cox2

25Rcox2/
20Fcox2

1 minute at 98℃, 43 cycles
of 30 seconds at 98℃, 30
seconds at 53℃ and 90
seconds of 72℃, followed
by 5 minutes of 72℃

R1/U

1 minute at 98℃, then 40
cycles of 10 seconds at
98℃, 10 seconds at
53℃, and 45 seconds at
72℃, followed by 5
minutes of 72℃

(no additional
primers needed;
sequence taken from
ISU contig to
produce full
sequence of circle)

nad1

366Rnad1/
374Fnad1

1 minute at 98℃, 43 cycles
of 30 seconds at 98℃, 30
seconds at 53℃ and 90
seconds of 72℃, followed
by 5 minutes of 72℃

R1/U

1 minute at 98℃, then 40
cycles of 10 seconds at
98℃, 10 seconds at
53℃, and 45 seconds at
72℃, followed by 5
minutes of 72℃

(no additional
primers needed;
sequence taken from
ISU contig to
produce full
sequence of circle)

nad4

310Fnad4/
179Rnad4

1 minute at 98℃, 43 cycles
of 30 seconds at 98℃, 30
seconds at 53℃ and 90
seconds of 72℃, followed
by 5 minutes of 72℃

R1/U

1 minute at 98℃, then 40
cycles of 10 seconds at
98℃, 10 seconds at
53℃, and 45 seconds at
72℃, followed by 5
minutes of 72℃

(no additional
primers needed;
sequence taken from
ISU contig to
produce full
sequence of circle)
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Table 5: Sequence of the primers used to generate mitochondrial circles in
Geomydoecus aurei
Circle

Primer

Sequence (5’-3’)

Lx16SR

GACTGTGCTAAGGTAGCATAAT

16SF

TTAATTCAACATCGAGGTCGCAA

16S213F

CAGGGTCTTCTCGTCCAGTC

16S162R

GAAGGGGGAGCCAAACAGTT

Multiple

Multicircle 3

CTTGTAGTTGTGAACTATTAGG

circles

Multicircle 1

TTCTATTTTGCACCTTTTGAACGG

ATP6587F

TCCCACCCGTGATCGATAGT

ATP6240R

CCGGCCTATATCACTAGCCG

cytb494F

ACACCACCACATATCCAGCC

cytb407R

CTACCGCTAGGCCAACCAAA

12S294F

CCCTTTCGCTATGCCCTTCA

12S214R

CTTCAATTGGCACACACGCA

cox3710F

CTCTTCGGTATGAGCGCCTT

cox3500R

ACCCATGGTGTGCTCATGTT

cox3444F

AACCAATAACCCCAGCCGAG

cox3974R

CGAGAGGCCTGCAGTTTGTA

20Fcox2

TTGTGGTGCTCTACATAGATTT

25Rcox2

CCACAAATCTCTGAACACTGACC

374Fnad1

GTCAAACCGGATTCGTGGGA

366Rnad1

TGTCCACTGGTTGGGTTGTC

310Fnad4

ACATCTCAGGGATCGGTTAGTC

179Rnad4

ACTTCCATGATTTTGGGTTGGA

16s

atp6

cytb

12s

cox3

cox2

nad1

nad4
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Table 6: Geomydoecus aurei mitochondrial protein-coding genes, tRNA genes and
number of base pairs
Defined here are 10 protein-coding genes (sizes given in bp) and 16 tRNA genes were
identified on 9 mitochondrial minichromosomes of G. aurei. The 16s and cox1
mitochondrial minichromosomes of G. aurei were sequenced by Wyatt Andersen,
unpublished, and Pietan et al. (2016), respectively.
Gene
name

Size (bp)
of
G. aurei
gene

12s

Size (bp)
G. aurei
(genes on the same
circle)

Size (bp) entire
minichromosomes circle

tRNA genes on
minichromosomes

700

1,545

trnV, trnH

16s

1,106

1,545

trnL2, trnL1, trnW

cytb

1,086

1,545

trnS1, trnE

atp8

162

1,331

trnN, trnL2

cox1

1,532

1,913

trnA

cox2

579

1,511

trnY, trnI, trnR

cox3

789

1,356

trnP, trnF

nd1

918

1,463

trnW, trnL2, trnQ

nd2

*

nd3

*

nd4

1,338

1,922

trnA, trnS2, trnK

nd5

*

nd6

*

nd4L

*

atp6- 678

*Gene not recovered in this analysis
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Table 7: The size (bp) of Geomydoecus aurei minichromosome, gene and non-coding
region compared to Trichodectes canis

12s
16s
atp6/atp8
cox1
cox2
cox3
cytb
nad1
nad4

G. aurei
T. canis
G.
minichromosome minichromosome aurei
size (bp)
size (bp)
gene
size
(bp)

T.
canis
gene
size
(bp)

1,318
1,545
1,331
1,913
1,511
1,356
1,545
1,463
1,922

782
1,226
931
1,599
1,045
865
1,224
994
1,518

1,206
1,631
1,262
2,014
1,525
1,218
1,579
1,427
1,858

830
1,179
967
1,601
711
975
1,212
987
1,521

G.
aurei
noncoding
region
(bp)
488
366
364
312
800
381
333
476
401

T.
canis
noncoding
region
(bp)
424
405
331
415
480
353
355
433
340

43
REFERENCES
Andersen W, Spradling TA. 2017. Characterization of Geomydoecus aurei 16s ribosomal
RNA chromosome. Unpublished raw data.
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local alignment
search tool. J Mol Biol. 215:403-410.
Avise JC, Arnold J, Ball RM, Bermingham E, Lamb T, Neigel JE, Reeb CA, Saunders
NC. 1987. Intraspecific phylogeography: the mitochondrial DNA bridge between
population genetics and systematics. Ann Rev Ecol Syst. 18:489-522.
Avise JC, Shapira JF, Daniel SW, Aquadro CF, Lansman RA. 1983. Mitochondrial DNA
differentiation during the speciation process in Peromyscus. PubMed: Mol Biol
Evol. 1:38-56.
Bernt M, Donath A, Jüling, Externbrink F, Florentz C, Fritzch G, Pütz J, Middendorf M,
Stadler PF. 2013. MITOS: improved de novo metazoan mitochondrial genome
annotation. Mol Phylogenet Evol. 69(2):313-9.
Breton S, Milani L, Ghiselli F, Guerra D, Stewart DT, Passamonti M. 2014. A
resourceful genome: updating the functional repertoire and evolutionary role of
animal mitochondrial DNAs. Trends in Genet. 30(12):513-564.
Cameron SL, Yoshizawa K, Mizukoshi A, Whiting MF, Johnson KP. 2011.
Mitochondrial genome deletions and minicircles are common in lice (Insecta:
Phthiraptera). BMC Genom. 12:394.
Clayton DH, Bush SE, Johnson, KP. 2004. Ecology of congruence: past meets present.
Syst Biol. 53:165-173.
Demastes JW, Spradling TA, Hafner MS, Spies GR, Hafner DJ, Light JE. 2012.
Cophylogeny on a fine scale: Geomydoecus chewing lice and their pocket gopher
hosts, Pappogeomys bulleri. J Parasitol. 98(2):262-270.

44
Dong WG, Song S, Jin DC, Guo XG, Saho R. 2014. Fragmented mitochondrial genomes
of the rat lice, Polyplax asiatica and Polyplax spinulosa: intra-genus variation in
fragmentation pattern and a possible link between the extent of fragmentation and
the length of life cycle. BMC Genom. 15:44.
Feng S, Stjskal V, Wang Y, Li Z. 2018. The mitochondrial genomes of the barklice,
Lepinotus reticulatus and Dorypteryx domestica (Psocodea: Trogiomorpha):
Insight phylogeny of the order Psocodea. Int J of Biol Macromol. 116: 247-254.
Hafner MS, Demastes JW, Spradling TA, Freedman DL. 2003. Cophylogeny between
pocket gophers and chewing lice. tangled trees: phylogeny, cospeciation and
coevolution. Chicago (IL): The Univ of Chic Press. 195-220.
Hafner MS, Nadler SA. 1988. Phylogenetic trees support the coevolution of parasites and
their hosts. Nature. 332: 258-259.
Hafner MS, Sudman PD, Villablanca FX, Spradling TA, Demastes JW, Nadler SA. 1994.
Disparate rates of molecular evolution in cospeciating hosts and parasites.
Science. 265(5175):1087-90.
Harper SE, Spradling TA, Demastes JW, Calhoun CS. 2015. Host behavior drives
parasite genetics at multiple geographic scales: population genetics of the
chewing louse, Thomomydoecus minor. Mol Eco. 24:16.
Hellenthal RA, Price RD. 1984. Distributional associations among Geomydoecus and
Thomomydoecus lice (Mallophaga: Trichodectidae) and pocket gopher hosts of
the Thomomys Bottae group (Rodentia: Geomyidae). J Med Entomol. 21(4): 432446.
Johnson KP, Nguyen NP, Sweet AD, Boyd BM, Warnow T, Allen JM. 2018.
Simultaneous radiation of bird and mammal lice following the K-Pg boundary.
Biol Letters. 14:5.
Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S, Cooper
A, Markowitz S, Duran C et al. 2012. Geneious Basic: an integrated and
extendable desktop software platform for the organization and analysis of
sequence data. Bioinform. 28:12.

45
Kim, KC. 1988. Evolutionary parallelism in Anoplura and eutherian mammals.
Biosystematics of hematophagous insects. Oxford: Clarendon Press. 91-114.
Ladoukakis ED, Zouros E. 2017. Evolution and inheritance of animal mitochondrial
DNA: rules and exceptions. J of Biol Res-Thessaloniki. 24(2).
Light JE, Hafner, MS 2007. Cophylogeny and disparate rates of evolution in
sympatric lineages of chewing lice on pocket gophers. Mol Phylogenet Evol.
45:3.
Light JE, Harper SE, Johnson KP, Demastes JW, Spradling TA. 2018. Development and
characterization of 12 novel polymorphic microsatellite loci for the mammal
chewing louse Geomydoecus aurei (Insecta: Phthiraptera) and a comparison of
next-generation sequencing approaches for use in parasitology. J Parasitol. 104:1.
Page RDM, Price RD, Hellenthal RA. 1995. Phylogeny of Geomydoecus and
Thomomydoecus pocket gopher lice (Phthiraptera: Trichodectidae) inferred from
cladistic analysis of adult and first instar morphology. Syst Entomol. 20:2.
Pearce SF, Rebelo-Guiomar P, D’Souza AR, Powel CA, Haute LV, Minczuk M. 2017.
Regulation of mammalian mitochondrial gene expression: recent advances.
Trends Biochemical Sci. 42(8): 625-639.
Pietan LL, Spradling TA, Demastes JW. 2016. The mitochondrial cytochrome oxidase
subunit I gene occurs on a minichromosome with extensive heteroplasmy in two
species of chewing lice, Geomydoecus aurei and Thomomydoecus minor. PLoS
ONE. 11(9): e0162248.
Shao R, Barker SC, Li H, Song S, Poudel S, Su Y. 2015. Fragmented mitochondrial
genomes in two suborders of parasitic lice of eutherian mammals (Anoplura and
Rhynchophthirina, Insecta). Sci Rep. 5:17389.
Shao R, Li H, Barker SC, Song S. 2017. The mitochondrial genome of the guanaco
Louse, Microthoracius praelongiceps: insights into the ancestral mitochondrial
karyotype of sucking lice (Anoplura, Insecta). Genom Biol Evol. 9(2):431-445.

46
Shao R, Kirkness E, Barker SC. 2009. The single mitochondrial chromosome typical of
animals has evolved into 18 minichromosomes in the human body louse,
Pediculus humanus. Cold Spring Harb Lab Press. 19:700-702.
Sikes RS. 2016. 2016 Guidelines of the American Society of Mammologists for the use
of wild mammals in research. J Mammal. 97(3):gyw078.
Song F, Li H, Liu GH, Wang W, James P, Colwell DD, Tran A, Gong S, Cai W, Shao R.
2018. Mitochondrial genome fragmentation unites the parasite lice of eutherian
mammals. Syst Biol. 0(0):1-11.
Wallace DC. 1982. Structure and evolution of organelle genomes. Microbiol Rev. 46(2):
208-240.

Warrior R, Gall J. 1985. The mitochondrial DNA of Hydra attenuata and Hydra littoralis
consists of two linear molecules. Arch Des Sci. 38:439-445.
Wei DD, Shao R, Yuan ML, Dou W, Barker SC, Wang JJ. 2012. The multipartite
mitochondrial genome of Liposcelis bostrychophila: insights into the evolution of
mitochondrial genomes in bilateral animals. PLoS ONE. 7(3).
Yoshizawa K, Johnson KP, Sweet AD, Yao I, Ferreira RL, Cameron, SL. 2017.
Mitochondrial phylogenomics and genome rearrangements in the barklice
(Insecta: Psocodea). Mol Phylogenet Evol. 119: 118-127.

47
APPENDIX
>79 bp sequence common to all Geomydoecus aurei minichromosomes characterized
AAAATAGGCCGTTCAAAAGGTGCAAAATAGAAATAAAGTTTTTTCTTGTAGT
TGTGAACTATTAAGGGGGGCTGACCAG
>19 bp from Thomomydoecus minor that is phylogenetically conserved in Geomydoecus
aurei
ATAGAAATAAAGTTTTTTC
>11 bp from Thomomydoecus minor that is phylogenetically conserved in Geomydoecus
aurei
ATTAAGGGGGG

